Prolonged exposure to melatonin improves glycemic control in animals. Although glucose metabolism is controlled by circadian clock genes, little is known about the role of melatonin signaling and its duration in the regulation of clock gene expression in pancreatic b-cells. Activation of MT 1 and MT 2 melatonin receptors inhibits cAMP signaling, which mediates clock gene expression. Therefore, this study investigated exposure duration-dependent alterations in cAMP elementbinding protein (CREB) phosphorylation and clock gene expression that occur during and after exposure to ramelteon, a selective melatonin agonist used to treat insomnia. In rat INS-1 cells, a pancreatic b-cell line endogenously expressing melatonin receptors, ramelteon persistently decreased CREB phosphorylation during the treatment period (2-14 h), whereas the subsequent washout induced an enhancement of forskolin-stimulated CREB phosphorylation in a durationand concentration-dependent manner. This augmentation was blocked by forskolin or the melatonin receptor antagonist luzindole. Similarly, gene expression analyses of 7 clock genes revealed the duration dependency of the effects of ramelteon on Rev-erba and Bmal1 expression through melatonin receptor-mediated cAMP signaling; longer exposure times (14 h) resulted in greater increases in the expression and signaling of Rev-erba, which is related to b-cell functions. Interestingly, this led to amplified oscillatory Rev-erba and Bmal1 expression after agonist washout and forskolin stimulation. These results provide new insights into the duration-dependent effects of ramelteon on clock gene expression in INS-1 cells and may improve the understanding of its effect in vivo. The applicability of these results to pancreatic islets awaits further investigation.
Introduction
Melatonin is a circulating hormone primarily released from the pineal gland during the night, and it is known to function as an effective chronobiotic agent capable of changing the phase and amplitude of circadian rhythms such as the sleep-wake cycle [1] . The effects of melatonin are likely exerted by activation of 2 Gi protein-coupled receptors, MT 1 and MT 2 , leading to inhibition of cAMP production [2, 3] . In addition, activation of the MT 1 receptor results in ERK1/2 activation [4] . The human MT 1 receptor is expressed abundantly in the suprachiasmatic nucleus of the hypothalamus, the site of the master clock that generates circadian rhythms [5] . However, the mRNA expression of MT 1 and MT 2 receptors is widely detected in the human brain and peripheral tissues including the pancreatic islets [6] [7] [8] .
Increasing evidence suggests that melatonin signaling is related to glycemic control. Prolonged exposure to melatonin through drinking water improves abnormal glucose homeostasis, such as hyperglycemia and insulinemia in rodents [9, 10] . Similarly, longterm treatment with prolonged-release melatonin exerts a beneficial effect on HbA1c levels in insomnia patients with diabetes [11] . The pancreas is considered a potential target tissue of the effect of melatonin on glucose regulation because melatonin inhibits forskolin-or high glucose-stimulated insulin secretion in both rodent islet cells and rat INS-1 cells, a pancreatic b-cell line [12, 13] . Of note, knockout studies of MT 1 and MT 2 receptors have demonstrated that the effects of melatonin on insulin secretion are primarily mediated via MT 1 receptors in mouse islet cells [14] .
Circadian clocks provide time cues for behavioral cycles and synchronize metabolic processes with the anticipated behavioral cycles. At the molecular level, circadian rhythms are encoded by an autoregulatory loop composed of a set of transcription activators (Clock and Bmal1) that induce the expression of repressors (Per1-3 and Cry1-2) that provide feedback to inhibit the forward limb [15] . The role of circadian clocks in metabolic regulation including glucose metabolism is well supported by genetic evidence that mutations in clock genes disturb the rhythmic expression of key metabolic genes and cause metabolic disorders [16] . Clock mutation and Bmal1 deficiency in mice impair glucose tolerance and insulin secretion [17] . Interestingly, the pancreatic islets of Bmal1 knockout mice have marked defects that affect insulin exocytosis. These metabolic alterations likely reflect downstream events of core clock gene expression [16] .
Previous studies revealed that melatonin directly affects clock gene expression in several types of cells [18] . However, these studies have not produced consistent results, possibly because of differences in cell types and/or experimental conditions including concentrations and exposure durations of melatonin [19] [20] [21] . Indeed, this duration dependency has been reported in the pars tuberalis (PT) of the pituitary, which expresses a high density of MT 1 receptors and regulates seasonal neuroendocrine responses [22] . Of note, von Gall et al. demonstrated that prolonged stimulation of MT 1 receptors in PT cells enhances cAMP signaling through the adenosine A2b receptor, leading to the rhythmic expression of PER1 [23] . This phenomenon is called sensitization; persistent activation of Gi-coupled receptors results in paradoxical activation of adenylate cyclase upon the termination of receptormediated inhibitory effects by ligand washout [24] . Likewise, it has been observed in several types of cells expressing MT 1 receptors that prolonged exposure to melatonin, followed by withdrawal, potentiates forskolin-stimulated cAMP signaling [12, 25] . Furthermore, MT 1 knockout and pinealectomized mice studies support that MT 1 receptor-mediated melatonin signaling is crucial to circadian rhythms and the expression levels of several clock genes including Per1, Cry1, and Rev-erba in PT cells [26, 27] . However, little is known about the role of melatonin signaling and its duration in clock gene expression in pancreatic b-cells. This information will facilitate the understanding of effects of melatonin and synthetic agonists for melatonin receptors on b-cell functions via clock gene expression.
This study investigated duration-dependent alterations in cAMP-mediated signaling and clock gene expression that occur during and after exposure to ramelteon, a selective MT 1 /MT 2 agonist used to treat insomnia (Rozerem; Takeda Pharmaceutical Company, Osaka, Japan). On the basis of the aforementioned findings in PT cells, we compared the effects of brief and prolonged exposure to ramelteon on cAMP element-binding protein (CREB) phosphorylation and the expression of 7 clock genes (Rev-erba, Bmal1, Clock, Per1, Per2, Cry1, and Cry2) in INS-1 bcells endogenously expressing melatonin receptors.
Materials and Methods

Chemicals and drugs
Ramelteon, (S)-N-[2-(1,6,7,8-tetrahydro-2H-indeno- [5,4-b] furan-8-yl)ethyl] propionamide (TAK-375), was synthesized by Takeda Pharmaceutical Company (Osaka, Japan) [28] . H89, 29,59-dideoxyadenosine, and GSK4112 were purchased from Sigma-Aldrich (St. Louis, MO, USA). In addition, luzindole was obtained from Tocris Cookson (Bristol, UK). Forskolin was procured from Merck Millipore (Darmstadt, Germany).
Cell culture
The INS-1 cell line 832/13, derived from INS-1 rat insulinoma cells, was provided by Dr. Christopher B. Newgard (Duke University Medical Center, Durham, NC, USA) [29, 30] . Cells were maintained under a 5% CO 2 /95% air atmosphere at 37uC in RPMI 1640 medium supplemented with 6 mM glucose, 1 mM sodium pyruvate, 10 mM HEPES, 10% heat-inactivated fetal bovine serum (FBS), 55 mM 2-mercaptoethanol, 100 units/mL penicillin, and 100 mg/mL streptomycin. These supplements and medium were purchased from Invitrogen (Carlsbad, CA, USA).
In-Cell Western assay
INS-1 cells were seeded (4.7610 4 cells/cm 2 ) in polylysinecoated 96-well plates (Sumitomo Bakelite, Tokyo, Japan) and cultured in the aforementioned growth medium for 1.5-2 days. The cells were treated with vehicle or compounds (ramelteon, H89, or 29,59-dideoxyadenosine in the absence or presence of luzindole or forskolin) in RPMI 1640 medium supplemented with 0.1% FBS for 2-14 h. In the sensitization experiments, the cells were subsequently washed twice with Krebs-Ringer bicarbonate-HEPES buffer containing 0.2% BSA and then incubated with the buffer for 30 min before stimulation with forskolin (0.1 mM) in the buffer for 30 min. After stimulation, the cells were fixed with 4% paraformaldehyde for 20 min at room temperature, repeatedly washed with Dulbecco's phosphate-buffered saline (Sigma-Aldrich), and incubated overnight at 4uC with rabbit anti-phospho-CREB antibody (#9198, 1:100; Cell Signaling Technology, Danvers, MA, USA) and mouse anti-total-CREB antibody (#9104, 1:300; Cell Signaling Technology) diluted in Dulbecco's phosphate-buffered saline containing 10% FBS and 0.1% Triton X-100. To check the specificity of phospho-CREB antibody, phospho-CREB blocking peptide (1090S, Cell Signaling Technology) was added to the antibody (a half volume of the peptide) and incubated for 1 h prior to adding it to the cells. Using Alexa Fluor 680-conjugated anti-mouse IgG (1:200; Invitrogen) and IRDye800CW-conjugated anti-rabbit IgG (1:800; Rockland, Gilbertsville, PA, USA) as secondary antibodies or DRAQ5 (1:3000; Cell Signaling Technology) for nuclear staining, fluorescence signaling from each well was quantified using the Odyssey Infrared Imaging System (LI-COR, Lincoln, NE, USA).
Insulin secretion assay
As described in the In-Cell Western assay section, INS-1 cells were pretreated with ramelteon. After 2 or 14 h treatment, the medium was collected and stored at 280uC until the insulin concentration was measured. In the sensitization and Rev-erba agonist experiments, the cells were subsequently washed twice with Krebs-Ringer bicarbonate-HEPES buffer and incubated for 30 min in the buffer. Following stimulation of the cells with 10 mM forskolin or GSK4112 for 2 h or 30 min, respectively, insulin concentrations in the supernatants were measured using the AlphaLISA Insulin Kit (Perkin-Elmer, Wellesley, MA, USA).
Quantitative gene expression assay
INS-1 cells were seeded (4.7610 4 cells/cm 2 ) in polylysinecoated 24-well plates and grown for 2 days. The cells were then treated with compounds for 2-14 h, as described in the In-Cell Western assay section. The procedure for stimulation with forskolin and high glucose concentration in the oscillation experiments was as follows. The ramelteon-treated cells were washed twice and incubated with glucose-and serum-free RPMI 1640 medium for 1.5 h. The medium was then replaced with RPMI 1640 medium supplemented with high glucose (12 mM) and forskolin (0.1 mM) for 1.5 h. Next, the medium was replaced with RPMI 1640 medium supplemented with 6 mM glucose. At predetermined times (0, 1, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, 44 , and 48 h), the cells were lysed with buffer RLT (Qiagen, Valencia, CA, USA) and stored at 280uC. Total RNA was extracted using the RNeasy 96 Kit and DNase I (Qiagen), according to the manufacturer's instructions. The RNA was reverse transcribed into cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA), followed by quantitative real-time polymerase chain reaction using the 7900HT Sequence Detection System (Applied Biosystems ), and quantitative real-time polymerase chain reaction MasterMix (Eurogentec, Seraing, Belgium). The primer and probe sequences are listed in Table 1 . Samples of INS-1 cells were subjected to the following conditions: 2 min at 50uC; 10 min at 95uC; and 40 cycles of 15 s at 95uC and 1 min at 60uC. The amount of the target and reference genes (rat cyclophilin A) was determined using absolute quantification or relative quantification according to the DDC t method. Values for target mRNA expression were normalized by comparison with reference genes.
Western blot analysis
INS-1 cells were treated with ramelteon for 14 h and homogenized in cell extraction buffer (Invitrogen) containing a protease inhibitor cocktail (Sigma-Aldrich). Insoluble components of the lysates were removed by centrifugation at 15,0006g for 20 min, and protein concentrations were determined using a bicinchoninic acid protein assay kit (Pierce, Hercules, CA). The resulting lysates (10 mg of protein/lane) were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis using Bis-Trisglycine gels (4-12%) and transferred to polyvinylidene difluoride membranes (Invitrogen). The membranes were probed with anti-NR1D1 antibody (AB40523, 1:600; Abcam, Cambridge, UK) and anti-b-actin antibody (A-5441, 1:10,000; Sigma-Aldrich) diluted with Can Get Signal Immunoreaction Enhancer solution (Toyobo, Osaka, Japan).
Data analyses
Data shown are representative of two or more separate experiments. All statistical analyses were performed using SAS software (SAS Institute, Cary, NC, USA). Differences between the exposure durations were analyzed using 2-way analysis of variance followed by Dunnett's multiple comparisons test, and P values of ,0.05 were considered significant. In the concentration dependence experiments, differences between the multiple dosing and control groups were assessed using a 1-tailed Williams' test, and P values of ,0.025 were considered significant.
Results
Comparisons of CREB phosphorylation levels between short-and long-term treatments with ramelteon
In this study, we used rat INS-1 cells which, like rat pancreatic islets, have been demonstrated to express both native MT 1 and MT 2 receptors (predominantly MT 1 receptors) [7, 31] . Durationdependent changes in cAMP signaling during ramelteon treatment and after washout were determined by examining the CREB (Ser133) phosphorylation level. Previous studies in INS-1 cells revealed that short-term treatment (0.5-4 h) with melatonin inhibits the cAMP signaling pathway (i.e., cAMP response element-mediated gene expression and CREB phosphorylation) [12, 31] . To further study the changes in cAMP signaling, we extended the exposure duration to 14 h. During ramelteon treatment (2-14 h), CREB phosphorylation was persistently decreased in a concentration-dependent manner, and no significant difference was observed between the 2 and 14 h treatments ( Figure 1A and 1B) . In contrast, washout after ramelteon treatment followed by forskolin stimulation induced sensitization, i.e., enhancement of forskolin-stimulated CREB phosphorylation ( Figure 1C and 1D) , as previously observed with melatonin [12] . The augmentation became more prominent with longer incubation times and higher agonist concentrations ( Figure 1D ). In addition, we confirmed the validity of In-Cell Western data using a blocking peptide for phospho-CREB antibody and DRAQ5 for nuclear staining ( Figure S1 ).
Ramelteon-induced sensitization through melatonin receptor-mediated cAMP signaling
To investigate the involvement of melatonin receptors and cAMP signaling in ramelteon-induced sensitization, ramelteontreated cells were incubated with the melatonin receptor antagonist luzindole and forskolin. Both luzindole and forskolin blocked the sensitizing effect of ramelteon on forskolin-stimulated CREB phosphorylation (Figure 2A) . Furthermore, the sensitization was mimicked by 14 h incubation with an adenylate cyclase inhibitor, 29,59-dideoxyadenosine, and a PKA inhibitor, H89 ( Figure 2B ). The sensitization became more apparent following longer incubation (14 h) with the inhibitors. Taken together, ramelteon-induced sensitization is likely attributable to inhibition of cAMP signaling via melatonin receptors.
Comparisons of insulin secretion between short-and long-term treatments with ramelteon cAMP is one of the most critical messengers involved in insulin secretion. A previous report indicated that manipulation of intracellular cAMP levels in INS-1 cells by pharmacologically blocking cAMP degradation or extrusion from the cells results in increased insulin secretion [32] . To verify duration-dependent alterations in cAMP signaling at a functional level, insulin secretion from INS-1 cells was assessed using an experimental design similar to that used in the phospho-CREB analysis. Both 2 and 14 h treatments with ramelteon significantly inhibited insulin secretion ( Figure 3A) . However, the amount of insulin secreted after 14 h treatment was lower than that after 2 h treatment, suggesting that ramelteon continued to suppress insulin secretion Concentration-dependent potentiation of forskolin-stimulated CREB phosphorylation was assessed after ramelteon (0.1-100 nM) treatment for 2 and 14 h. Values are expressed as the ratio of phosphorylated CREB to total CREB in the vehicle-pretreated control (100%). Data are presented as means 6 SEM (n = 3) and were analyzed using 2-way analysis of variance followed by Dunnett's test. ***P,0.001, 2 h treatment vs. 14 h treatment; # P,0.05, ## P,0.01, ### P,0.001 vs. vehicle-pretreated control. doi:10.1371/journal.pone.0102073.g001 beyond 2 h. Moreover, 14 h, but not 2 h, treatment, followed by washout, enhanced forskolin-stimulated insulin secretion ( Figure 3B) ; the sensitization was blocked by luzindole ( Figure 3C ). Taken together with the results in the phospho-CREB analysis, these observations indicate that ramelteon can persistently inhibit cAMP signaling for a long period (14 h), resulting in sensitization after withdrawal.
Differences in clock gene expression between short-and long-term treatments with ramelteon CREB activation through the cAMP pathway is involved in the generation of circadian core clock gene expression [33, 34] . Thus, using an experimental design based on the results of phospho-CREB studies, we examined the mRNA expression of 7 clock genes (Rev-erba, Bmal1, Clock, Per1, Per2, Cry1, and Cry2) in INS-1 cells after ramelteon and forskolin treatments. Ramelteon significantly activated Rev-erba expression in a time-and concentrationdependent manner (Figures 4A and 5A) . Consistent with the finding that Rev-erba suppresses Bmal1 expression [35] , ramelteon gradually reduced Bmal1 expression ( Figures 4A and 5B ). In contrast, Per1 and Per2 expression was acutely downregulated, but the magnitude of the decrease was relatively small and expression subsequently recovered within 14 h (Figures 4C, 5D , and 5E). Rather, Per2 expression was upregulated after 14 h treatment ( Figures 4C and 5E ). Clock expression was not significantly affected by exposure of the cells to ramelteon (Figures 4A and 5C ). Unlike the acute effects of melatonin in PT cells, ramelteon did not induce Cry1 and Cry2 expression in INS-1 cells, but rather tended to decrease them ( Figure 4C , 5F and 5G) [36] . Interestingly, forskolin stimulation produced nearly opposite patterns of ramelteoninduced gene expression ( Figure 4B and 4D) . Therefore, ramelteon is likely to regulate the mRNA expression of particular clock genes, perhaps through the cAMP signaling pathway, in a concentration-and duration-dependent manner. 
Values are expressed as the ratio of phosphorylated CREB to total CREB in the vehicle-pretreated control (100%). Data are presented as means 6 SEM (n = 3-6) and were analyzed using 2-way analysis of variance followed by Dunnett's test. ***P,0.001 vs. ramelteon-pretreated control;
### P,0.001 vs. vehicle-pretreated control; $$$ P,0.001, 2 h treatment vs. 14 h treatment. doi:10.1371/journal.pone.0102073.g002 Enhancement of Rev-erba signaling by long-term treatment with ramelteon Rev-erba regulates hepatic lipid metabolism involving sterol regulatory element-binding protein 1c (Srebp-1c), and Rev-erba agonists inhibit lipid and cholesterol synthesis in the liver [16, 37] . Interestingly, recent studies illustrated that Rev-erba controls glucagon and insulin secretion in pancreatic a-and b-cells, respectively [38, 39] . Thus, we focused on the functional activity of Rev-erba after ramelteon treatment in INS-1 cells. To determine whether Rev-erba mRNA upregulation by ramelteon stimulates Rev-erba signaling, we assessed Rev-erba protein levels and their downstream signaling in INS-1 cells after 14 h of exposure to ramelteon. Western blot analyses revealed that the 14 h treatment significantly increased Rev-erba protein levels ( Figure 6A ). In accordance with findings that Rev-erba directly represses Bmal1 transcription through the activity of a transcriptional repressor, the 14 h treatment significantly decreased Bmal1 expression ( Figure 5B ) [35] . To confirm the increased ability to repress transcription, we examined the mRNA expression levels of 3 genes that were reportedly downregulated by Rev-erba overexpression or activation: peroxisome proliferator-activated receptor c coactivator (PGC-1a), Srebp-1c, and fatty acid synthase (FAS) [37, 40] . PGC-1a expression was markedly downregulated by ramelteon, whereas Srebp-1c and FAS expression was slightly downregulated (Figure 6B-D) . Furthermore, ramelteon pretreatment facilitated insulin secretion following stimulation by the Rev-erba agonist GSK4112 ( Figure 6E ). Hence, these observations indicate that long-term treatment with ramelteon can enhance Rev-erba signaling.
Involvement of the melatonin receptor-mediated cAMP pathway in ramelteon-induced Rev-erba mRNA expression
To evaluate the participation of the melatonin receptormediated cAMP signaling pathway in the altered mRNA expression of Rev-erba and Bmal1 by ramelteon, ramelteon-treated INS-1 cells were incubated with luzindole or forskolin for 14 h. Both luzindole and forskolin reversed ramelteon-induced alter- ations in Rev-erba and Bmal1 expression ( Figure 7A-D) , indicating that ramelteon regulates Rev-erba and Bmal1 expression through the melatonin receptor-mediated cAMP signaling pathway. In addition, the ramelteon-induced downregulation of PGC-1a, Srebp-1C, and FAS expression was blocked by forskolin ( Figure S2 ).
Oscillation in Rev-erba and Bmal1 expression after ramelteon treatment
As described previously, in rodent pituitary cells, melatonin generates the cyclical expression of Per1, which is dependent on melatonin-induced sensitization of cAMP signaling [23] . Accordingly, ramelteon was hypothesized to generate a temporal oscillation of clock gene expression in INS-1 cells. To test this hypothesis, we monitored clock gene expression for 48 h in INS-1 cells after ramelteon (10 nM) treatment for 2 and 14 h, followed by withdrawal. On the basis of the finding that forskolin produces oscillatory clock gene expression in cultured cells, the subsequent stimulation with forskolin (0.1 mM) and high glucose (12 mM) was applied [34, 41] . Compared with 2 h pretreatment with ramelteon, 14 h pretreatment significantly enhanced the amplitude of oscillation in Rev-erba and Bmal1 expression ( Figure 8A and 8B ).
In contrast, Clock expression did not display a clear difference in oscillatory pattern between treatment for 2 and 14 h ( Figure 8C ). Immediately after stimulation with forskolin and high glucose, induction of Per1 expression was temporarily augmented by ramelteon treatment for 14 h compared with 2 h (Figure 8D ). The concentration dependency of the ramelteon-induced expression of Per1 and Rev-erba was also observed at 0 and 9 h after forskolin stimulation, respectively ( Figure S3 ). Thus, prolonged incubation with ramelteon appears to be essential to enhance oscillatory Reverba and Bmal1 expression.
Discussion
The findings of this study provide new insights into the duration and concentration-dependent effects of ramelteon on clock gene expression in INS-1 cells. Of note, the cAMP signaling pathway predominantly contributes to alterations in clock gene expression. Ramelteon treatment for 14 h persistently inhibited cAMP signaling, as demonstrated by decreased CREB phosphorylation and reduced insulin secretion. Meanwhile, the subsequent washout induced sensitization of cAMP-mediated responses in a durationdependent manner. Gene expression analyses of several clock genes also revealed the duration dependence of the effect of ramelteon through the cAMP signaling pathway. In particular, longer exposure times resulted in greater Rev-erba expression, leading to activation of Rev-erba signaling. Moreover, 14 h pretreatment with ramelteon, followed by washout, enhanced the oscillatory expression of Rev-erba and Bmal1 compared with the 2 h pretreatment.
Although ramelteon consistently decreased the levels of CREB phosphorylation during treatment, the extent of the decrease was quite small. Potential reasons for this small decrease include low levels of melatonin receptor expression in our cells and low activities of adenylate cyclase under our experimental conditions (a low serum concentration [0.1% FBS] and no stimulation with forskolin). In addition, higher concentrations of ramelteon were required to achieve maximum efficacy than were expected from its potency at human melatonin receptors. This might reflect a species difference in its relative potency between human and rat melatonin receptors. In fact, our preliminary data showed that the potency of ramelteon in decreasing forskolin-stimulated CREB phosphorylation in INS-1 cells was much lower than that of 2-iodomelatonin, even though their potencies at human melatonin receptors was almost the same. Expression of Rev-erba-regulated genes (PGC-1a, Srebp1c, and FAS) was measured using TaqMan polymerase chain reaction and normalized to that of the housekeeping gene cyclophilin A. (E) After ramelteon (10 or 100 nM) treatment for 14 h, the cells were washed and stimulated with the Rev-erba agonist GSK4112 (10 mM). After 30 min, the amount of insulin secretion was measured. Data are presented as means 6 SEM (A, n = 3; B-D, n = 4; E, n = 6) and were analyzed using Williams' test (A-D) or 2-way analysis of variance followed by Dunnett's test (E).
& P,0.025 vs. vehicle-treated control; *** P,0.001, vehicle vs. GSK4112 treatment; ## P,0.01, ### P,0.001 vs. GSK4112-treated control. doi:10.1371/journal.pone.0102073.g006
In support of previous findings with melatonin, the results of our sensitization experiments indicate that the extent of ramelteoninduced sensitization of cAMP signaling is proportional to the exposure duration and concentration over wide ranges (2-14 h and 0.1-100 nM, respectively) [12, 25] . The mechanism of sensitization remains unclear; however, the ramelteon/forskolin and ramelteon/luzindole cotreatment experiments revealed that the sensitization occurs via melatonin receptor-mediated inhibition of the cAMP pathway (Figure 2A ). This sensitization is likely mediated by MT 1 receptors, together with the previous observation that MT 1 receptor knockdown in INS-1 cells abolishes melatonin-induced sensitization [14] . Based on our results using PKA and adenylate cyclase inhibitors, PKA and/or its downstream molecules possibly contribute to ramelteon-induced sensitization ( Figure 2B ). Furthermore, similar to sensitization by kopioid receptor activation, ramelteon-induced sensitization is not probably related to receptor desensitization because pharmacological concentrations of ramelteon persistently inhibited cAMP signaling (i.e., decreased CREB phosphorylation levels and reduced insulin secretion) during long-term treatment (Figures 1  and 3 ) [42] .
To our knowledge, this is the first study to provide evidence of the duration-dependent effects of melatonin agonists on clock gene expression in a pancreatic b-cell line (INS-1 cells). Per1 and Per2 mRNA expression significantly decreased after 2 h incubation with ramelteon. Subsequently, Per1 expression recovered to control levels after 14 h treatment, whereas Per2 expression was increased (Figures 4 and 5) . The initial decreases in Per1 and Per2 expression were likely due to the suppression of CREB activity by ramelteon because Per1 and Per2 transcription is activated by CREB [33] . Given that CREB phosphorylation levels were persistently reduced during 14 h treatment, inducible cAMP early repressor reduction is hypothesized to block the suppression of Per1 and Per2 expression for incubation times exceeding 8 h [43] . Moreover, we found striking differences in Rev-erba and Bmal1 mRNA expression between the 2 and l4 h treatments. Interestingly, by increasing the incubation time, greater Rev-erba expression was observed. This could explain the previous observation that melatonin injection modulates the phase of Reverba expression in PT without immediate effects [44] . In addition, the increase in Rev-erba expression was followed by the decrease in Bmal1 expression. This delayed response of Bmal1 expression might reflect the time required for Rev-erba mRNA translation, resulting in repression of Bmal1 transcription by Rev-erba protein.
Rev-erba transcription is activated by Clock/Bmal1 and is transrepressed by Per/Cry, resulting in the circadian oscillation of Rev-erba expression [16] . Considering both the decreased Bmal1 expression and lack of change in Clock expression in our experiments, an increase in the levels of the Clock/Bmal1 complex would not be expected. Thus, although the mechanism remains unclear, forskolin, ramelteon/forskolin, and ramelteon/ luzindole treatment experiments indicate that the cAMP pathway controls melatonin receptor-mediated Rev-erba expression (Figures 4 and 7) . Further studies are needed to elucidate the cAMP-related mechanism for regulating Rev-erba expression.
Melatonin affects oscillations in Rev-erba expression [27, 44, 45] . Loss of melatonin signaling by pinealectomy abolishes the rhythmicity of Rev-erba expression in the rat PT but not in the suprachiasmatic nucleus [27] . This defect is partially recovered by melatonin administration through drinking water. On the other hand, studies with melatonin receptor knockout mice demonstrated that loss of MT 1 or MT 2 receptors increases Rev-erba expression in the pancreas, in the former case in conjugation with a phase advance [46] . These findings indicate that the contribution of melatonin signaling to oscillations in Rev-erba expression is considerably tissue dependent in vivo. The tissue dependency may result from the cell type-dependent effects of melatonin on clock gene expression in vitro as described previously [18] . In the present study, prolonged, but not brief, exposure of INS-1 cells to ramelteon increased the amplitude of oscillations in Rev-erba and Bmal1 expression (Figure 8 ). In contrast, Per1 expression was acutely and temporally increased by prolonged exposure to ramelteon. Because forskolin stimulation as well as serum shock elicits oscillatory clock gene expression by synchronizing their expression in individual cells, ramelteon-induced sensitization of cAMP signaling may contribute to the synchronization, resulting in increased amplitude of oscillations in Rev-erba and Bmal1 expression [34, 41] . As observed in PT cells, increased Per1 expression may also be caused by sensitization [23] . In addition, considering that Per1/Per2 mutant mice exhibited dampened circadian Rev-erba expression, the temporal induction of Per1 potentially affects oscillatory Rev-erba expression [35] .
Rev-erba, an important metabolic regulator expressed in a circadian manner in various tissues, may translate circadian signals into metabolic and inflammatory regulatory responses and vice versa [16] . Vieira et al. revealed that Rev-erba downregulation by siRNA in pancreatic islet and MIN-6 cells impairs b-cell functions, including glucose-induced insulin release and cell proliferation [38] . Thus, the induction of Rev-erba expression by ramelteon was hypothesized to influence b-cell functions. In accordance with this hypothesis, ramelteon exposure enhanced Rev-erba agoniststimulated insulin release and decreased the expression of the Rev-erba-regulated genes Bmal1, PGC-1a, Srebp-1c, and FAS ( Figures 5 and 6 ). Indirect regulation of Srebp-1c and FAS expression by Rev-erba might explain the smaller decrease in the expression of these genes than of Bmal1 and PGC-1a. Intriguingly, it has been proposed that acute induction of Cry1 expression and sensitization of Per1 expression by melatonin in PT have significant roles in decoding the duration of melatonin signaling and regulating thyrotrophin-stimulating hormone expression, a key output hormone of PT [22] . Similarly, Rev-erba might translate the duration of melatonin signaling into b-cell responses.
In the present study, we used INS-1 cells as a model of pancreatic islets on the basis of their similar responses to melatonin (e.g. sensitization to forskolin, inhibition of insulin secretion, etc.) [12] [13] [14] . However, these cells might differ in their regulation of clock gene expression. Possible supporting this, the relative mRNA expression levels of clock genes in INS-1 cells differed from those in rodent islets ( Figure S4 ): while Per1 and Clock were most expressed in INS-1 cells, Rev-erba and Clock were more highly expressed in mouse islets [38] . Further investigation of alterations in clock gene expression in pancreatic islets is particularly required.
In conclusion, our data emphasize the importance of the duration of melatonin signaling in regulating clock gene expression in INS-1 cells, as previously reported in PT cells ( Figure S5 ). Our results may aid in designing experiments to test the durationdependent effects of melatonin agonists in vivo and understanding these effects. The applicability of these results to pancreatic islets requires further investigation. Figure S1 Confirmation of In-Cell Western data on p-CREB/Total CREB using a p-CREB blocking peptide and DRAQ5. After ramelteon (10 nM) treatment for 14 h, the cells were washed twice and stimulated with vehicle or forskolin (0.1 mM) for 30 min in the absence of ramelteon. To check the specificity of phospho-CREB antibody, phospho-CREB blocking peptide was add to the antibody and incubated for 1 h prior to adding it to the cells. DRAQ5 was used for normalization of cell numbers instead of total CREB antibody. Values are expressed as the ratio of phosphorylated CREB to total CREB. Data are presented as means 6 SEM (n = 425). (TIF) Figure S2 Blockade of ramelteon-induced PGC-1a, Srebp-1c, and FAS expression by forskolin. INS-1 cells were incubated with ramelteon (10 nM) in the absence or presence of forskolin (0.1 mM) for 14 h. mRNA expressions of PGC-1a, Srebp-1c, and FAS were measured using TaqMan polymerase chain reaction and normalized to that of the housekeeping gene cyclophilin A. Values are expressed as a percentage of the vehicle-treated controls. Data were analyzed using 2-way analysis of variance followed by Dunnett's test and are presented as means 6 SEM (n = 426). *** P,0.001 vs. vehicle-pretreated group; ## P,0.01, ### P,0.001 vs. ramelteon-pretreated control. (TIF) Figure S3 Concentration-dependent alterations in Per1 and Rev-erba expression after ramelteon pretreatment followed by forskolin and high glucose stimulation. INS-1 cells were pretreated with ramelteon (10 nM) for 14 h. After the washout period, the cells were stimulated with forskolin (0.1 mM) and a high concentration of glucose (12 mM 
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